MOBILITY OF WELL-DRILLING ADDITIVES
IN THE GROUND-WATER SYSTEM
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Abstract

Components cf the drilling Fluid may enter an aquifer through any of
the avernues available to surfoce water, sucn as the outerop, siream runoff,
percolation, and abandcued wells. From the well bere, materials may enter
ground water as a consequence of lost circulation, seepage, filtraticn, or
blowout. The contaminating material may be gae, ligquid, or sclid, and in
the form of coarse to fine solids, colloidal suspensions, or sclutions.
The subsequent behavior and characteristics of the entering substance are
determined not only by its initial properties but also, to a large ertent,
by the properties of the reservoir rock and the interstitial water. Physical
separation of suspended solids deperids on particle size, shape, econcentration,
and density and on the pore geometry of the aguifer. The chemical compo-
sition and the microorganisms present in the ground water may cauce preci-
pitation and decomposition reactions. Adsorption on surfaces and other
interfacial rhenomena in the reservoir are particularly tmportant and ave
of a eomplexity seldom, if ever, met in the laboratory. Movement of darilling
fluid materials into the aquifer will be govermed by the geohydrologic
conditions present. Ficw conditions ave controlled by the aquifer permea-
bility and the pressure gradient. Such flow may be modified by the introduced

substances and their effect on existing conditions in the aquifer.

INTRODUCTION

The purpose of this paper is to examine the factors involved in the
movement of drilling-fluid components in the ground-water reservoir. Com-
ponents of the drilling fluids will be considered generally and no attempt

* Michael D. Campbell is Director of Research, NWWA
Research Facility, Department of Geology, Rice
University, Houston, Texas, and

George R. Gray, Ph.D., (Rice ’57), is a Drilling Fluids
Consultant (ex-Chief Scientist for NL Baroid), Bellaire,

Texas.
267



will be made to deal with specific substances. Examples of the important
mechanisms involved in the movement of liquids, solids, and gases from the
borehole into the formation will be discussed.

Some definitions may aid in delineating the scope of this review. An
"aquifer" is a geologic "formation, group of formations, or part of a formation
that contains sufficient saturated permeable material to yield significant
quantities of water to wells and springs" (ref. 36). A "drilling fluid" is
‘a material used as an aid to tools in the excavation of earth. Accordingly,
the drilling fluid may be employed with such varied tools as augers for
foundation borings, and cable tool and rotary drills for ground water and
petroleum exploration and for mineral exploration and mine development. Com-
position of the drilling fluid may range from dry air or potable water to
diesel oil containing gellants, emulsifiers, and several types of suspended
solids. A "contaminant" is any introduced substance, or product of an intro-
duced substance, that modifies the properties of the initial ground water
to such an extent that its usefulness in the desired application is impaired.

This discussion is concerned with the movement of any substance that
enters the ground-water reservoir as a consequence of the drilling operation,
whether such a substance is a drilling-fluid additive, or fluids or earth
materials derived from the excavation.

_ The term "drilling fluid" embraces an extremely variable composition

of matter. Characterized according to the principal component as '"gas,"
"water," or "oil," usually two (somethimes all three) fluids are present,
along with suspended and dissolved materials. If the major component 1is

& liquid, the drilling fluid is called "mud" and is broadly classed as

"water mud" or ”oiT'mud.“ Prior publications (refs. 2, 22, and 23) and

other papers presented at this conference deal with the components of drilling
fluids in some detail and they need not be reviewed here.

CONTAMINATION FROM THE SURFACE

Contamination of ground water from the surface may originate in earthen
pits in which mud is placed, either for circulation or storage; from leach-
ing of cuttings; from spilled mud or ingredients; from containers for the
additives, and from mud and materials discarded on completion of drilling
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operations.

In drilling deep wells, practically without exception the mud is con-
tained in steel tanks. The cost of the mud, as well as possible reuse or
sale of excess mud, justifies adequate facilities for storage. Many small
rigs also use steel tanks for the mud being circulated, although surplus
mud is stored in earthen pits or discarded on the surface (figure 1). When
earthen pits are used in the active mud system, if the surface exposed in the
dug pit is not clay, the surface is sealed with bentonite or other clay be-
fore mud mixing is begun (figure 2).

Bulk handling of the principal mud constituents has greatly reduced
spillage and waste of materials. More attention should be given, however,
to the handling of water-soluble additives. Not infrequently the contents
of opened bags containing caustic soda, lignosulfonates, or the Tike, will
become caked and will be discarded, thus becoming a potential source of
ground-water contamination under certain geologic conditions. "Good house-
keeping," therefore, is a highly desirable practice.

The cuttings separated at the surface and the adhering drilling fluid
are regarded as waste products. A considerable quantity of earth is exca-
vated during the dri11ing operation. For example, in drilling a municipal
water well in Houston, Texas, to a depth of 2,500 ft., over 14,000 cubic feet
of earth weighing over 1-1/2 million pounds must be brought to the surface.
Usually cuttings are not regarded as a source of ground-water contamination,
with the exception of soluble salts, such as halite or gypsum. Disposal
of cuttings and mud in some locations is an expensive item in well drilling.
In the Los Angeles basin, for example, cuttings and excess mud must be
hauled to designated sumps for disposal. In The Netherlands, the drill
site is covered with a concrete apron surrounded by dikes. All waste water,
in.addition to cuttings and mud, must be removed from the location.

Components of the drilling fluid may enter ground water through any
of the routes available tec surface water, such as the outcrop of the aquifer,
streams, percolation, and abandoned wells. Shallow aquifers are often ex-
posed to contamination through construction borings; excavations for foun-
dations, sumps and mud pits, and by drilling relatively shallow holes for

seismic and mineral exploration.
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of what is in fact a component of a drilling-fluid additive was reported

by Sweet and Fetrow (ref. 43). A case of ground-water poilution was reported
involving wood-waste disposal (i.e., lignin-tannin, which is a common drilling-
fluid additive in oil-well drilling operations).

While drilling with water, seepage may occur into porous, permeable
formations exposed in the borehole. Finely-divided cuttings carried by the
water enter the openings and, as individual pores become bridged by the larger
particles, successively smaller particles are filtered out. Clay or other
material of colloidal dimensions converts seepage into filtration. The
passage of liquid into the formation then becomes dependent on the amount
and physical state of the colloidal material in the drilling fluid and not
on the permeability of the formation (ref. 10). In porous media, the thick-
ness and cha acter of the filter cake precondition the extent of liquid
invasion into the formation during the drilling operation. When circulation
is stopped, cake thickness continues to increase but at a decreasing rate
(figure 4). Studies of the filtration of oil-field muds have shown the per-
meability of the filter cakes to be in the range of 10"3 to 10-5 millidarcys
(refs. 5, 11, and 46). Estimations have been made of the rate of invasion of
filtrate into sands in the course of drilling (refs. 21 and 47). A radius of
invasion of nearly 2 feet was calculated for a period of 138 hours between
penetration of a sand and cementing of casing. More than 90 percent of the
total filtrate flowed from the mud while it was circulating during about 75
percent of the elapsed time (ref. 21.)

The most spectacular method of introduting contaminants into ground
water is by means of a blowout. This uncontrolled entry of fluids into the
borehole may force gas into shallow aquifers and cause water wells to begin
flowing or even to blow out. Keech (ref. 32) cites a dramatic case history
of widespread ground-water contamination by a subsurface natural-gas well
blowout in the vicinity of a number of water wells. In another example,
the effects of a blowout in the Bammel field north of Houston, Texas, are
still evident after 30 years. Water wells drilled several miles from the
site of the blowout often require prolonged completion operations because

e

as coming out of solution in the water interferes with the functioning
£
I

of the pumps.



Figure 4. Cross section showing bore-
hole and adjacent formation (note mud-
filtrate invasion characteristics).
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Contaminants can enter the ground-water reservoir as wells are drilled,
during their operational life, or following their abandonment. Possibly of
greatest. potential consequence is the nearly unavoidable introduction of
biological agents into the aquifer via drilling fluids. Subsequently, the
growth of certain types of bacteria that cause corrosion and incrustation
may be an important factor in contamination of aquifers. The routes by
which contaminated water can enter the ground-water reservoir through faulty
0il or water well construction have been briefly explored by Collins (ref. 15)
and by Campbell and Lehr (ref. 13) and need not be treated here.

IMMOBILIZATION OF SUSPENDED SOLIDS IN THE AQUIFER

As has been shown, contaminating substances from drilling operations
may enter ground water from the surface or from the well bore. The material
may be gas, 1liquid, or solid. It may be in the form of coarse to fine solids,
_colleidal suspensions, or solutions. t may be stable or unstable; reactive
or unreactive. The subseguent behavior of the entering substance is deter-
mined-not only by its properties but also, to a large extent, by the proper-
ties of the reservoir rock and the interstitial water.

Except under very unusual conditions, particles that will be retained
on 200-mesh sieve--the API designation for sand (ref. 1)--can be expected to
be removed near the point of entry into the aguifer. Particles having an
effective diameter less than 74 microns (200-mesh) also will be subject to
gravitational effects that will decrease in importance as the particles
become smaller. Sedimentation is not a significant factor in the separation
of particles smaller than one micron (figure 5).

The importance of filtration in industrial processes has led to numerous
siudies of the mechanism. Herzig, Leclerc, and LeGaff (ref. 26) cite 74
references in their examination of the flow of suspensions through porous
media. The authors point out that several mechanisums are involved, namely:
(2) the contacting of particles with retention sites, (b) the fixing of
particles on sites, and (c) the escape of previously retained particles.
Factors invelved in the system are: (a) the flow rate, viscosity, and density
of the carrier fluid; (b) the concentration, size, and shape of the suspended

3
particles, and (c) the geometry of the porous medium.
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Retention sites can be classed as: (a) surface of a grain making up
the bed, (b) crevice between the surface of two grains, (c¢) constriction
and, (d) cavern, or sheltered area formed by several grains (see figure 6a).
Forces that hold the particle immobilized include: (a) axial pressure of
the Tiquid, as at a constriction; (b) friction forces, as on a particle
wedged in a crevice; (c) surface forces: Van der Waals forces of attraction,
and electrostatic or electrokinetic forces which are either attractive or
repulsive dependent on the system, and (d) chemical forces, which may
involve chemical bonding between the particle and the surface. The process
of capture may involve: (a) sedimentation; (b) inertia, i.e., the particles
cannot follow the changing path of the Tigquid; (c) hydrodynamic effects
caused by nonuniform shear field and nonsphericity of particles; (d) direct
collision with convergent pore walls; and (e) diffusion by Brownian motion
into areas not flushed by the suspension (see figure 6b).

"The fiow of suspension through porous media is a very complex phe-
nomenon owing to the diversity of the mechanisms involved" (ref. 26).

MOVEMENT WITHIN THE AQUIFER

Drilling-fluid filtrate invasion in highly permeable sands often appearé
from electrical Togs to be less near the base of the sand than near the top.
Doll (ref. 18) concludes that filtrates rise in the sand after passing the
filter cake barrier at the hole wall. This, of course, assumes that the fil-
trate density is less than the denisty of the ground water and suggests that
if the density of the ground water is highetr than the density of introduced
material, the invasion would be strictly gravity controlled. The filtrate
would then invade the lower part of the aquifer more rapidly than at the top.

In a study on deep-well waste disposal and waste surveillance, Kazmann
{ref. 31) has demonstrated that the density difference between the ground
water and the introduced carrier fluid clearly dictates the character of
the invasion front with time.

Once fluids and solids pass the filter cake and hole wall into the
formation, invasion characteristics of the cgrrier fluid are affected by
many physical, chemical, and biological factors. Numerous macro- and micro-
formational factors affect its path, its rate of flow, and its chemical com-
position. Information on-the course of contaminants in the ground-water

system is now voluminous and hénce will not be reviewed in detail at this
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time (ref. 12). However, some of the features pertaining to the potential
behavior of drilling fluids within the ground-water system will be explored.

Although open-channel, ground-water flow, e.g., in joints, 1ﬁterconnecting
solution channels, fault traces, etc., is not uncommon in the subsurface,
porous media flow is emphasized here because of its wide applicability to
the major aquifer type--sands, sandstone, etc. The physical aspects of
ground-water flow are of fundamental importance to a discussion of mobility
of contaminants.

Bond (ref. 6) discusses flow patterns of variable-density ground water
and the effects of troughs formed by permeability barriers within aquifers
and the effects of structural troughs, saddles, anticlines, and synclines.
Childs, et al. (ref. 14) explore the concept of & "waste plume" and suggest
that the plume pattern may be complex and may not follow regional ground-
water flow, as indicated by other workers (ref. 40). See figure 7.

Ground-water flow through porous media is characterized by laminar
flow at low Reynolds numbers (Re), where gradient is held constant. Viscous
forces predominate and the Darcy Law is valid. As Re increases, a transi-
tion zone is encountered at the lower end; the laminar regime with viscous
forces predominating passes to another laminar regime characterized by in-
ertial forces. At the upper end of the transition zone, a gradual passage
to turbulent flow is observed. Darcy's Law is not valid in the transition
and turbulent zones (ref. 4). Average ground-water flow rates vary widely
depending on gradient, permeability, and other geologically-controlled fac-
tors. ’

A It is clear that the laminar flow is of predominance in the porous
media under consideration here and that it simplifies the effects of the flow
regime on the chemical and biological parameters within the aquifer.

Flow paths, when encountering changes in permeability (or changes in
ground-water density), will be refracted according to the tangent rule,
whereas light is refracted according to the sine rule (ref. 16). See figure
8. This, of course, will affect the chemical and biological parameters to be
discussed later. Suffice it here to state, however, that an abrupt change
in flow direction may affect one or more characteristics of the carrier
fluid, including any introduced contaminant.
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Used by permission. (Figure €.22,

p. 197, Hydrogeology.!

Figure 8. Refraction of streamlines (Davis and DeWiest - 1966).
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into subsurface. (Leenheer and Malcolm - 1973).



The concept of dispersion of miscible fluids in porous media has re-
ceived considerable attention during the past several years, especially with
regard to ion exchange in soils, artificial recharge, liquid-waste disposal
operations, seawater intrusion into coastal aquifers and seepage from canals
and streams into and through aguifers (refs. 7, 8, 27, and 39).

Marino (ref. 37) explores the mathematical framework of simultaneous
dispersion and adsorption of a solute within a homogeneous and isotropic
porous media in steady, unidirectional flow fields. He concludes that in
such conditions the dispersion system is considered to be adsorbing the solute
at a rate proportional to its concentration. Mass transfer due to adsorp-
tion appears to play an important role in mass transport within natural flow
systems.,

In general, the mobility of any contaminant introduced into the ground-
water system is largely dependent on the capacity of the matrix material
within the porous media to adsorb the dissolved substances. However, Sigmor
(ref. 42) suggests that movement into the aquifer is subject to limitations
caused by degradation of the hydraulic conductivity in the porous medium.

As previously mentioned, a reduction in hydraulic conductivity (or permea-
biTity) is caused by the retention in the porous media of suspended clay
minerals, among other fine minerals, by means of (a) interstitial straining,
{b} gravitational settling, and/or (c) adhesion and adsorption.

It is épparent that sensitive flow thresholds exist that may play some
role in the chemical reactions and biolegical activity in an zquifer invaded
by foreign materials and carrier fluids and gases. In natural, undisturbed

“ground-water systems,.formation clogging by bacterial growth products occurs
when the introduced fluid contains dissolved organic materials and bacterial
growth caﬁditions are favorable. Edwards and Monke (ref. 19) studied flow
of clay suspens{ons (similar to some drilling fluids) through a silica porous
medium and suggest that bacteria may provide a natural electrical link be-
tween the net negatively charged silica and bentonite clay particles.

REACTIONS WITHIN THE AQUIFER
The above discussion of flow through porous media has not considered

£

the interaction between the suspended particles and substances present in



solution. The chemical characteristics of ground water are strongly affected
by the 5011d§, liquids, and gases with which it has come in contact before
and during the ground-water phase of the Hydrologic Cycle (ref. 3). Simi-
larly, the composition of the mud filtrate depends upon the changes that take
place as the substances added at the surface react with one another and with
the cuttings derived from the formations drilled. When mud filtrate mixes
with ground water, reactions may occur to form precipitates which then become
subject to the filtration mechanisms 1isted previously. Factors of Eh and
pH, as well as fonic strength, are significant in determining the extent of
formation plugging and attendant mineralogical alterations (refs. 28 and 44).

Quartz is the most abundant mineral in sandstone aquifers, the most
common type of aquifer. Chemical additives in the mud filtrate may react
with the porous media; for example, sodium hydroxide reacts rapidly with
the silica in the quartz, especially at elevated temperatures (ref. 24).

Microorganisms, such as bacteria, or enzymes produced by microorganisms,
may be present in the ground water or be introduced by the drilling operation,
as previously menticned. - Biological activity frequently influences chemical
reactions indirectly, and vice versa, by facilitating reactions that lower
or raise the pH. Redox processes also may be mediated by bacteria.

The composition, size, and activity of a bacterial population depends
on many factors, including (a) temperature, (b) pH, (c) salt content,

(d) concentration of nutrients available, (e) tvpes of nutrients available,
and (f) oxygen concentration (ref. 20). Because ground water normally
contains 1ittle dissolved oxygen, and is generéﬂly under reducing conditions,
aQaefobic'species are expected to predominate. Bacterial travel in confined
aquifers 1is reportedly negligible and survival time is short. Under most
condifions,-the restricted travel seems to be the result of the filtering
action of the porous medium rather than of "die-off" of organisms. Certain
bacteria are generally considered to be responsible for the formation of
hydrogen sulfide under certain conditions.

Bacteria are commonly isolated from most ¢il-field brines. Ground
water not associated with deposits of organic matter, however, does not
support extensive microbial growth. Hence bacteria carriers are presumed
to be clays with associated organic materials.

There are sulphate-reducing bacteria, denitrifying bacteria, methare-



producing bacteria, plus a host of other bacteria with uncertain affinities
(ref. 17). ATl may play roles in altering chemical equilibrium of the
fluid, aé well as formation cement and matrix material.

Of particular importance here is that the variety of organic compounds
that can be utilized by microorganisms is almost Timitless. Nearly all
naturally occurring organic compounds are subject to microbial assimilation,
although some, such as humic materials, are attacked very slowly.

In a study on liquid waste-aquifer interactions, Leenheer and Malcolm
(ref. 35) explored several of the possible geochemical and biochemical
effects of introducing an organic acid into the subsurface environment.
After injection, the organic acids were first neutralized by the carbonate
minerals in the aquifer. They found evidence for dissolution of the alumino
silicate clay minerals by the complexing organic acids. After dilution,
conditions become favorable for microbiologic degradation of the organic
constituents. Methane is a proposed product with sulfate and iron reduction
occurring as byproduct reactions. Figure 9 shows their proposed model
of the geobiochemical cell.

Of particular importance in considering the mobility of foreign fluids
in an aquifer is that most aquifers exhibit a natural, reducing subsurface
geochemical environment (ref. 41). Most aquifers contain extremely Tow
- levels of dissolved oxygen. By opening the aquifer via drilling, the re-
duced condition is replaced by a progressively more oxidizing environment.
The initial response to this change is the oxidaticon of pyrite, or other
unoxidized minerals in equilibrium in a réduced environment, which releases
ferrous, sulfide, and hydrogen ions into solution. With time, ferric hy-
droxide precipitates, and the ferrous ion concentration decreases. Several
fnorganic and microbiological agents have been observed to accelerate pyrite
oxidation (ref. 45).

Within many aquifer systems, clays and shales serve as semipermeable
membranes, retarding by va?ying degrees the passage of the dissolved ele-
mental species with respect to water (refs. 25 and 34). The relative retar-
dation by naturally occurring membranes of cations and anions generally
present in introduced fluids has been investigated by Kharaka (ref. 33).

The conclusion wes reached that the retention of these ions depends on the

constitution of the membrane and the specific jons involved. The retar-

™
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dation sequences obtained were generally as follows: LiﬁﬂaaNH3<K<Rb<Cs
and Mg<Ca<Sr<Ba. For anions at higher temperatures the following sequence

was developed: HCOB<I<SOA<C1<Br.

CONCLUSIONS

After a contaminant enters ground water it may be immobilized by deep
filtration; react chemically with components of the interstitial water;
react with or be adsorbed on surfaces of the reservoir rock, or be altered
through biological activity.

Under normal conditions of the porous medium, the mobility of drilling
fluids in the ground-water system is clearly of very limited extent because
of a variety of physical, chemical, and biological factors. The very Tow
volume introduced into a very large volume aquifer would further minimize
the impact of mobility due to a natural defense against invading carrier
fluids involving (a) filtration at and near the well, (b) adsorption over
the entire distance of flow, and (c) dilution, increasing away from the
well or point source of entry.

It is clear therefore that improved "housekeeping" in surface operations
and more effective techniques in controlling "lost circulation" will re-
duce the chance of point-source contamination of the local ground-water
reservoir. Further research, however, is urgently needed to assess the
environmental impact of "lost circulation" and related drilling and pro-
duction phenomena on the ground-water system. _
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